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Abstract

Pastes are a combination of two phases: a solid phase raw material carried by a fluid phase composed of solvent, binder, and
additives. Capillary rheometry of the fluid phase followed by capillary rheometry of a paste composition permits calculation of the
relative paste bulk shear stress under most circumstances. Non-linear optimization is then used to determine the intrinsic viscosity,

[�], and maximum solids content, �max, that best satisfy the chosen high solids content suspension model equation. Three criteria
were developed that a candidate paste model equation must meet: it must model the experimental data with low error, it must be
relatively insensitive to changes in [�] and �max, and it must arrive at sensible values for [�] and �max. In this investigation, the

Mooney, Chong, and Dougherty-Krieger equations were tested. The Dougherty–Krieger equation best met the candidate paste
model criteria and was used effectively to model paste properties.
# 2003 Published by Elsevier Science Ltd.
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1. Introduction

1.1. Extension of fluid phase properties to pastes

Einstein1 developed a relationship between solids
content and the viscosity of an infinitely dilute suspen-
sion of rigid spheres. A variety of extensions to this
theory have since been presented in the attempt to
describe the rheological behavior of higher concen-
tration suspensions. Several of the most commonly used
models were proposed by Mooney, Eq. (1); Chong, Eq.
(2); and Dougherty and Krieger, Eq. (3).2�4
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Alternative equations presented by Eilers,5 Maron and
Pierce,6 and Quemada7 fit the form of the Dougherty–
Krieger equation but do not give the highest degree of
freedom in describing suspension viscosity.8

Equations that model high solids content suspensions
consider the solids content, �, the maximum solids con-
tent, �max, and an empirically derived hydrodynamic
crowding factor, [�], known as the intrinsic viscosity.
Each model calculates a property value relative to the
suspending fluid. The relative viscosity of a suspension,
�r, is defined as the ratio of the suspension viscosity, �o,
to the solvent viscosity, �s, as shown in Eq. (4).

�r ¼
�o
�s

ð4Þ

Several methods can be used to arrive at an experi-
mental value for �max, whereas [�] is a calculated curve
fitting parameter. Einstein calculated [�]=2.5, but positive
and negative deviations from this value have been noted
experimentally by Jeffrey and Acrivos9 and Lee et al.10

Pastes of the composition used in this investigation
have been previously shown to have a response to shear
stress and shear rate similar to that of well-dispersed
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suspensions.11 The similarity suggests that relative vis-
cosity and relative paste bulk shear stress are inter-
changeable quantities. The exchange is legitimate
because the shear stress vs. shear rate curve is analogous
to the extrusion pressure vs. extrudate velocity curve.
Relative values are unitless so the discrepancy between
the units of viscosity and stress are not problematic. The
concept of equivalence between suspensions and pastes
leads directly to the idea that the models that predict
suspension properties at high solids contents can be
successfully applied to pastes.
Paste systems behave like particle suspensions because

they share many of the same characteristics. Suspensions
consist of a homogeneously distributed particulate solid
phase carried by a liquid solution.12 Electrostatic, stearic,
van der Waals, or a combination of these forces can
result in a stable dispersion. Pastes consist of a mixture of
solid phase mechanically separated by a fluid solution.
This study concentrated on the application of high

solids content suspension viscosity models to pastes.
Non-linear optimization techniques were used to
develop contour maps of the error associated with the
error associated with the Mooney, Chong, and Dough-
erty–Krieger equations. The results are the criteria that
candidate models must meet to successfully describe
paste properties and the model that can be best applied
to experimental rheometric data.

1.2. Extrusion

Extrusion is a material forming process that permits
the shaping of paste into a linear form that has a con-
stant cross section.13 The paste is a homogeneous mix-
ture of two phases: a solid phase composed of the
particular oxide or oxide mixture carried by a fluid
phase of water, binder, and additives.
A novel technology has been developed by Cochran et

al.14,15 for the extrusion of thin walled (<250 mm) cera-
mic honeycomb and subsequent thermochemical pro-
cessing of the green structure to metal alloy. The
composition used in this investigation is complex
because it has been chosen to result in a 350 grade
maraging steel following a reduction heat treatment.
Benbow and Bridgewater16,17 developed an analysis

technique using flow through a die of circular cross
section to measure the rheological properties of pastes.
The model given by Eq. (5) assumes a linear relation-
ship between the extrusion pressure, P and extrudate
velocity, V, and has the form:

P ¼ 2 �o þ �Vð Þln
Do

D

 �
þ
4L �o þ �Vð Þ

D
ð5Þ

In this equation, Do is the diameter of the barrel, D is
the diameter of the die land, and L is the length of the
die land. Variables �o and � are associated with flow
into the die land, �o and � with flow through the die
land. Here, � is a parameter characterizing the effects of
velocity on �o, �o is the die wall shear stress, and � is a
parameter characterizing the effects of velocity on �o.
2. Experimental procedure

2.1. Paste preparation

The pastes were made by weighing individual compo-
nents into the appropriate fractions to result in 1500 g
batches. Solid raw materials were dry blended for 15 min
in a commercial blender fitted with an open mixing pad-
dle. The lubricant was dissolved in water and then added
to the powder–binder blend. Mixing continued for 2 min
following the fluid addition. The granulated powder was
pugged in a Buss kneader for approximately 5 min.

2.2. Measurement of maximum solids loading

The oil drop test is a modification of the ASTM
standard Gardner-Coleman (D 1483-95) and spatula
rub-out (D 281-95) tests and is used to rapidly estimate
�max. In the oil drop test, approximately 40 g of dry
mixed powder raw material was mixed with corn oil by
hand in a small plastic bag. Use of oil reduces evapora-
tion and provides good wetting of the powder. The
liquid fraction is increased dropwise until a cohesive,
workable paste having smooth texture and shape-
retaining character is formed.17 Maximum solids con-
tent is then calculated from the weight of oil needed for
pore saturation, the powder weight, and respective den-
sities. This method provides a means to measure the
fluid content needed to fill interparticle voids under
mildly sheared conditions.
The reciprocal bulk shear stress test involves a linear

extrapolation of the reciprocal of extrusion pressure
against the ratio of fluid volume (Vf) to solid volume
(Vs). The value of Vs at 0 MPa�1 represents the critical
value where the liquid phase exactly fills interparticle
voids. Compositions to the left of this critical value
cannot be extruded because particles interlock and there
is no mechanism to facilitate fluid flow. Any composi-
tion to the right of the intercept represents excess fluid
and is theoretically extrudable. The resistance of a paste
to a deforming stress is highly dependent on the thick-
ness and rheology of the fluid layer that surrounds the
particles. The thickness of this layer is directly propor-
tional to the excess of liquid phase above that required
to fill particle interstices.

2.3. Capillary rheometry

Extrusion testing was conducted using a custom,
stainless steel piston extruder fitted to a Satec test
frame. A schematic of the testing device is shown in
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Fig. 1. Seay18 established that wall stresses between the
paste and the barrel were small enough to be ignored.
The extrusion pressures at several speeds were mea-

sured with a single barrel of paste. The barrel was
charged with paste to a depth of 100 mm and tamped to
remove large air pockets. The piston was inserted into
the barrel and driven downward by the test frame at
each of six constant extrudate velocities: 68.5, 27.4, 13.7,
6.9, 2.7, and 1.4 mm/s. Testing proceeded from fastest
to slowest, followed by a return to the fastest velocity.
Repeat measurements at the fastest velocity did not
deviate from each other by more than 10% and no cor-
rections were applied to results. Statistical analysis of
error in property measurements was not undertaken
because of the length of time required to prepare and
characterize each sample.
The data obtained for each paste are the ram force at

each velocity for each die. Three interchangeable dies of
circular cross section, 3.18 mm diameter, and L/D ratios
of 1, 8, and 16 are fitted to the rheometer. Extrapolating
a plot of L/D ratio against P to zero enables the calcu-
lation of bulk shear stress.
Six pastes of 350 grade maraging steel composition

and varying solids fractions were prepared with a con-
stant water to binder weight ratio of 4:1 and a constant
lubricant concentration of 0.5% of the powder weight.
The solids contents tested were 0, 30, 40, 50, 55, and 60
vol.%. The test at 0 vol.% solids (the fluid phase) per-
mits calculation of relative properties.

2.4. Material

A4M Methocel, a moderate molecular weight
methylcellulose from Dow Chemical was used as a bin-
der. Pegosperse 100S, an ethoxylated stearic acid from
Lonza was used in small concentrations as a lubricant.
These additives are observed to burn out cleanly
through chemical reaction or reduction during heat
treating. Distilled, deionized water was used as a solvent
in all experiments.
A mixture of oxides that when reduced forms 350

grade maraging steel was used as the solid phase. A
series of identically prepared pastes were formulated
having the batch composition described in Table 1.
3. Results and discussion

3.1. Properties of the paste

Raw materials were characterized via Scanning Elec-
tron Microscopy (SEM) imaging, particle size analysis,
and BET surface area and pore volume analyses. SEM
imaging revealed a generally equiaxed particle structure,
with the exception of Mo, which had a residual sponge
morphology. Particle size ranged from approximately
1–12 mm, with an average size near 6 mm. Particle sur-
face area ranged from 0.4 to 4.0 m2/g. Desorption hys-
teresis indicated internal porosity of the raw material
powder at 3.1%. A characterization summary is shown
in Table 1.
The data from each set of paste experiments are plot-

ted on a graph of die length to diameter ratio against
extrusion pressure. From Eq. (5), as L/D approaches 0,

P ¼ 2 �o þ �Vð Þln Do=Dð Þ ð6Þ

Fig. 2 is a summary of the extrapolations of L/D to 0
for each extrudate velocity and paste composition. The
measured bulk shear stress at each solids content is
given in Table 2. Increasing the solids content results in
exponential increases in extrusion pressure. Extrusion
Fig. 1. Schematic of the capillary rheometer. Inset: head of ram.
Fig. 2. Summary of the extrapolations of L/D to 0 for each extrudate

velocity and paste composition.
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pressure is especially sensitive to solids content as �
approaches �max. Higher solids content results in an
increased frequency of particle–particle and particle–
surface interactions. The dimensionally thinner fluid
phase separating and lubricating the particles translates
directly to rapid increases in paste bulk shear stress.
Each of the pastes tested showed a distinct yield point

and a near linear pressure increase with a corresponding
increase in velocity. As � approaches �max, behavior
becomes increasingly pseudoplastic (shear thinning) as
shown in Fig. 3. This transition suggests that measure-
ments will be prone to error as �max is approached
because the requirements of the model are not being
met.
3.2. Determination of maximum solids loading

The utility of the oil drop test arises from the fact that
a single, small sample can be used to determine the
maximum solids loading without the difficulty of exten-
sive processing and rheometric investigation. The direct
result of the oil drop test without correction is that
�max=59.6 vol.%.
The oil drop test tends to underestimate �max because

hand mixing is a low shear operation and can be inef-
fective in breaking up agglomerates. The amount of
liquid present at �max has been historically assumed to
be 90% of the oil drop test value.17 By applying this
criterion to the test results, �max was estimated to be
62.1 vol.%. By plotting the reciprocal of the paste bulk
shear stress against the ratio of fluid to solid volume for
the six pastes, as shown in Fig. 4, �max was measured to
be 64.2 vol.%.

3.3. Application of suspension models to pastes

For each of Eqs. (1)–(3), �o was substituted for �o.
Non-linear optimization was used to determine the pair
of �max and [�] values that best fit each model equa-
tion. For each paste solids content, a matrix was
developed that consisted of values of [�] between 0.5
and 4.0 and values of �max between 60 and 85 vol.%.
Table 1

Characterization and batch composition of 350 grade maraging steel pastes
Source
 Particle size (mm) at CWPF than
 BET surface

(m2/g)
Pore volume

(%)
10%
 50%
 90%
Raw material
 Amount in batch (%)
Fe2O3
 Pea ridge iron ore
 0.8
 4.5
 10.0
 1.51
 2.4
 66.7
NiO
 Ceramic color
 3.3
 6.3
 11.8
 0.48
 1.8
 16.7
Co3O4
 Ceramic color
 3.0
 3.7
 4.5
 4.04
 8.7
 11.9
Mo
 Atlantic equipment
 2.7
 7.0
 15.6
 0.54
 2.8
 3.5
TiH2
 Reading alloys
 2.0
 6.8
 15.4
 0.48
 1.0
 1.1
Fluid material
 Amount in fluid (%)
A4M Methocel
 Dow Chemical Co.
 19.6
100S Pegosperse
 Lonza
 2.0
H2O
 Balance
Table 2

Values of �max and [�] resulting in minimum error
Equation
 �max (vol.%)
 [�]
Dougherty–Krieger
 67
 2.3
Chong
 70
 2.4
Mooney
 85
 1.7
Fig. 4. Determination of �max from measurements of paste bulk shear

stress.
Fig. 3. Crossplot of extrudate velocity against extrusion pressure for

each paste composition.
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The Mooney, Chong, and Dougherty–Krieger equa-
tions were then solved for each pair of values, as dic-
tated by the matrix. Values of � are fixed by paste
composition, and �o is measured experimentally via
capillary rheometry. Error was then calculated using
the 	2 method.
The error functions are plotted in contour for the

Mooney, Chong, and Dougherty–Krieger equations in
Fig. 5a, b, and c, respectively. The values on the contour
plots represent 	2 error. As there is no method available
to directly measure [�], agreement of calculated �max

values with independently determined, experimental
values becomes the critical variable in choosing a model
to describe paste behavior.
There are three specific criteria that a candidate

model equation must meet: (1) it must model the
experimental data with low error; (2) it must be rela-
tively insensitive to changes in [�] and �max; and (3) it
must arrive at sensible values for [�] and �max. Each
equation in this investigation fits the data with a shal-
low error function. The minimum error is substantially
the same for the ideal solution of each equation
(	2	0.4). The combination of [�] and �max that result
in the minimum error from the analysis of each equa-
tion is presented in Table 2. It is thus the breadth of
the error trough and the legitimacy of the minimum
error solution that in this case establish the best model
equation.
The error in fitting the Mooney equation is minimized

at [�]=1.7 and �max=85 vol.%. This high value for
�max is not consistent with particle packing theory or
the values of �max determined independently.19 Of the
models tested, the Mooney equation is moderately
insensitive to changes in [�] and �max.
The error in fitting the Chong equation is minimized
at [�]=2.4 and �max=70 vol.%. While the values for
both �max and [�] are reasonable, the error function is
much more steep and narrow than the other candidate
models. As a result, small changes in [�] and �max cause
large increases in error.
The error in fitting the Dougherty–Krieger equation is

minimized at [�]=2.3 and �max=67 vol.%. Values of
�max between 64 and 68 vol.% and values of [�] between
1.9 and 2.3 bound the lowest error region of the plot.
The theoretical value of �max calculated by the Dough-
erty–Krieger equation agrees most closely with the
values determined experimentally. A comparison of an
equivalent change in [�] and �max across each of the
models tested results in the smallest increases in error
with the Dougherty–Krieger equation.
At the value of �max obtained via the reciprocal bulk

shear stress method, 64.2 vol.%, the lowest error [�]
calculated from the Dougherty–Krieger equation, is 2.0.
At the value of �max obtained via the oil drop test, 62.1
vol.%, the Dougherty–Krieger equation still provides
the best fit. The error for this case is necessarily larger
because of the larger difference between calculated and
experimental �max.
Fig. 6 shows the relative bulk shear stress of the

pastes and a plot of the Dougherty–Krieger equation at
the overall minimum error combination from non-linear
regression, �max=67 vol.% and [�]=2.3. This plot
compares favorably with the minimum error combi-
nation from the reciprocal bulk shear stress method,
�max=64.2 vol.% and [�]=2.0. When the oil drop test
value is used for �max and Einstein’s value is used for
[�], deviation from the experimental data is observed,
especially at high �.
Fig. 5. Contour plots of 	2 error for the (a) Mooney, (b) Chong, and (c) Dougherty–Krieger equations.
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4. Conclusions

Non-linear optimization of candidate high viscosity
suspension models determined the pair of [�] and �max

values that best fit experimental capillary rheometry
data. For each model equation, �o was substituted for
�o. Of the Mooney, Chong, and Dougherty–Krieger
equations, the Dougherty–Krieger equation best meets
the criteria for a candidate paste modeling equation. It
fits the experimental data with low error, is relatively
insensitive to small changes in [�] and �max, and arrives
at sensible values for [�] and �max.
The oil drop test estimates �max to be 62.1 vol.%. A

plot of 1/P against the ratio of fluid volume to solid
volume is approximately linear. The value of Vs at
the x-intercept represents the maximum solids loading,
64.2 vol.%. At both of these �max values, the Dougherty–
Krieger equation outperformed the Mooney and Chong
equations for the modeling of paste properties.
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